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Background. Liver kinase B1 (LKB1) has been studied extensively as a tumor suppressor gene (Stk11) in the context of cancer. 
We hypothesized that myeloid LKB1 plays a role in innate immunity during pneumonia.

Methods. Mice deficient for LKB1 in myeloid cells (LysM-cre × Stk11fl/fl) or neutrophils (Mrp8-cre × Stk11fl/fl) were infected 
with Klebsiella pneumoniae via the airways. LysM-cre × Stk11fl/fl mice were also intranasally challenged with lipopolysaccharide 
(LPS).

Results. Mice with myeloid LKB1 deficiency, but not those with neutrophil LKB1 deficiency, had increased bacterial loads in 
lungs 6–40 hours after infection, compared with control mice, pointing to a role for LKB1 in macrophages. Myeloid LKB1 deficiency 
was associated with reduced cytokine release into the airways on local LPS instillation. The number of classic (SiglecFhighCD11bneg) 
alveolar macrophages (AMs) was reduced by approximately 50% in the lungs of myeloid LKB1–deficient mice, which was not caused 
by increased cell death or reduced proliferation. Instead, these mice had AMs with a “nonclassic” (SiglecFlowCD11bpos) phenotype. 
AMs did not up-regulate glycolysis in response to LPS, irrespective of LKB1 presence.

Conclusion. Myeloid LKB1 is important for local host defense during Klebsiella pneumonia by maintaining adequate AM num-
bers in the lung.
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Liver kinase B1 (LKB1; also known as serine-threonine ki-
nase 11 [STK11]) is known as the tumor suppressor gene 
mutated in the inherited cancer disorder Peutz-Jeghers syn-
drome [1]. LKB1 has been studied extensively in the context 
of cancer, but it may also contribute to an adequate innate 
immune response during infection. First, LKB1 has been 
reported as a negative regulator of nuclear factor–κB acti-
vation in bone marrow–derived macrophages (BMDMs) ex-
posed to lipopolysaccharide (LPS), a membrane component 

of gram-negative bacteria, and thereby to reduce the expres-
sion of proinflammatory proteins [2]. 
In accordance, mice with a myeloid cell–specific deletion 
of Stk11, the gene encoding LKB1, demonstrated increased 
serum cytokine levels on intraperitoneal LPS administration 
[2]. On the other hand, LKB1 can inhibit intracellular gly-
colysis through activation of adenosine monophosphate–ac-
tivated protein kinase (AMPK) and subsequent inhibition of 
the mammalian target of rapamycin [3–5]. Of relevance in 
this context, it has become evident that immune cells repro-
gram their cellular metabolism to fit different immunological 
functions [6]. Macrophages [7] and other immune cells [8–10] 
show an increase in glycolysis on activation, suggesting an im-
portant role for glycolysis in inflammation. Indeed, inhibition 
of glycolysis diminishes proinflammatory cytokine produc-
tion by macrophages stimulated with bacterial agonists [11, 
12]. Hence, LKB1 may influence inflammatory responses by 
macrophages in seemingly opposite ways, where the direc-
tion of the effect may depend on macrophage type and tissue 
environment.

Alveolar macrophages (AMs) have been implicated as key 
players in host defense against pathogens that invade the lower 
airways to induce pneumonia [13]. Pneumonia is responsible 
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for a disproportionate disease burden worldwide [13]. Aerobic 
gram-negative bacteria are the most common causative micro-
organisms in nosocomial pneumonia, among which Klebsiella 
pneumoniae is especially troublesome, considering its increasing 
antimicrobial resistance [14]. In addition, in certain areas 
of the world K.  pneumoniae has emerged as a rising cause of 
community-acquired pneumonia [15]. The primary aim of the 
current study was to determine the role of myeloid cell LKB1 in 
the host response during pneumonia caused by K. pneumoniae. 
For this, we made use of mice with a myeloid-specific LKB1 
deficiency and a well-established model of Klebsiella-induced 
pneumonia [16–18].

METHODS

Detailed methods can be found in the online supplement.

Animals

Homozygous Stk11fl/fl mice (014143; Jackson Laboratory) [19] 
were crossed with LysM-cre [20] or Mrp8-cre mice (021614; 
Jackson Laboratory) [21] to generate mice that were defi-
cient in myeloid-specific LKB1 (LysM-cre × Stk11fl/fl) and 
neutrophil-specific LKB1 (Mrp8-cre × Stk11fl/fl) [22]. Stk11fl/

fl Cre-negative littermates were used as controls in all experi-
ments. Experiments were approved by the Central Commission 
for Animal Experiments.

Mouse Models

Pneumonia was induced by intranasal inoculation with approx-
imately 1 × 104 colony-forming units of K. pneumoniae serotype 
2 (American Type Culture Collection no. 43816). Infection and 
processing of organs were done as described elsewhere [16–18]. 
Lung inflammation was induced by intranasal administration 
of 1 µg of ultrapure LPS (Escherichia coli O111:B4; InvivoGen) 
in 50 µL of normal saline.

Assays

LKB1 Western blotting was done as described in the online 
Supplement. Interleukin 1β (IL-1β), interleukin 10 (IL-10), in-
terleukin 6 (IL-6), tumor necrosis factor (TNF), and CXCL1 
were measured by means of enzyme-linked immunosorbent 
assay according to the manufacturers protocol (R&D Systems). 
Lactate was quantified using an enzymatic assay, as described 
elsewhere [23].

Histopathology

Lungs were processed and scored by an independent patholo-
gist, as described elsewhere [16–18].

AM Isolation and Stimulation

AMs were harvested by means of bronchoalveolar lavage (BAL), 
seeded in 96-well flat-bottom culture plates (Greiner Bio-One) 
at a density of approximately 3 × 104 cells per well in Roswell 
Park Memorial Institute 1640 complete medium (containing 

10% fetal bovine serum, penicillin-streptomycin, 2  mmol/L 
L-glutamine, and 25  mmol/L HEPES; Gibco, Thermo Fisher 
Scientific), and left to adhere overnight. AMs were stimulated 
for 24 hours with heat-killed K. pneumoniae (multiplicity of in-
fection, 10:1; American Type Culture Collection no. 43816) or 
100  ng/mL ultrapure LPS (E.  coli O111:B4; InvivoGen). TNF 
and lactate were measured in supernatants, using assays as de-
scribed above.

Lung Digestion and Stimulation

Lungs were washed in phosphate-buffered saline (PBS), minced 
into pieces, and incubated at 37°C for 30 minutes with warm 
PBS containing 10  mg/mL DNase I  (Roche) and 5  mg/mL 
Liberase TM (Sigma-Aldrich). Cells were filtered, washed sev-
eral times with PBS, seeded at a density of approximately 1 × 
106 cells per well in Roswell Park Memorial Institute 1640 com-
plete medium, and stimulated for 2.5 hours with ultrapure LPS 
(E. coli O111:B4; InvivoGen) or left untreated. 
For the study of intracellular TNF, cells were treated with 
a protein transport inhibitor (containing brefeldin A; BD 
Biosciences). For the study of glucose uptake and mitochon-
drial mass and membrane potential in lung suspensions, cells 
were incubated for 3 hours with addition of 50 µg/mL 2-[N-(7-
nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxyglucose 
(2NBDG; Cayman Chemical), 50  nmol/L Mitotracker Green 
(Invitrogen), or 50  nmol/L Mitotracker Red CMX Ros 
(Invitrogen) during the last 30 minutes of incubation. Reactive 
oxygen species (ROS) production was measured by stimulating 
lung cell suspensions with heat-killed K.  pneumoniae or me-
dium control for 3 hours with addition of 10 µmol/L carboxy-
H2DCFDA (Invitrogen). Phagocytosis was analyzed by means 
of incubation with 250 µg/mL pHrodo Red E. coli BioParticles 
Conjugate (Invitrogen) for 3 hours. Cells were analyzed using 
flow cytometry, as described below.

Flow Cytometry

Total cell counts in BAL fluid (BALF) and lung digestions were 
determined using a Coulter cell counter (Beckman Coulter). 
Cell subsets were identified by staining with fixable viability 
dye eFluor 780 (Invitrogen) and the following antibodies: rat 
anti-mouse CD16/CD32 (clone 93), rat anti-mouse CD45 
phycoerythrin (PE)–eFluor610 or fluorescein isothiocyanate 
(FITC) (clone 30-F11), hamster anti-mouse CD11c peridinin-
chlorophyll protein (PerCP)–cyanine 5,5 (Cy5,5) (clone HL3), 
rat anti-mouse CD11b PE–cyanine 7 (clone M1/70), rat anti-
mouse Siglec-F Alexa Fluor 647 (clone E50-2440), rat anti-
mouse Ly-6G Alexa Fluor 700 or allophycocyanin (clone 1A8), 
rat anti-mouse major histocompatibility complex class II Alexa 
Fluor 700 (clone M5/114.15.2), and rat anti-mouse CD24 
allophycocyanin (clone M1/69) (all from BD Biosciences); 
mouse anti-mouse CD64 PerCP-Cy5,5 (clone X54-5/7.1), rat 
anti-mouse MerTK PE (clone 2B10C42), rat anti-mouse Ly-6G 
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FITC (clone 1A8), and hamster anti-mouse CD103 PerCP-Cy5,5 
(clone 2E7) (all from Biolegend); and rat anti-mouse Ly6C FITC 
(clone 1G7.G10; Miltenyi Biotec). Intracellular staining with rat 
anti-mouse TNF Alexa Fluor 488 (clone MP6-XT22; Biolegend) 
and rat anti-mouse Ki-67 FITC (clone SolA15; Thermo Fisher 
Scientific) was performed using Foxp3/Transcription Factor 
Staining Buffer Set (eBioscience). Flow cytometry was per-
formed using a FACSCanto II cytometer (BD Biosciences), and 
data were analyzed using FlowJo software, version 10.7 (BD 
Biosciences).

Statistical Analysis

Nonparametric variables were analyzed using the Mann-
Whitney U test. Parametric variables were analyzed using 
Student t tests (2-group comparison) or 2-way analysis of var-
iance (comparison between ≥3 groups) with Sidak multiple 
comparisons test where appropriate. Analyses were done using 
GraphPad Prism software, version 8 (GraphPad Software). 

RESULTS

Importance of Macrophage LKB1 for Host Defense During K. pneumoniae–

Induced Pneumonia

To investigate the role of macrophage LKB1 in host defense 
during gram-negative pneumonia, we generated myeloid-
specific LKB1-deficient mice by crossing LKB1-floxed (Stk11fl/

fl) mice with LysM-cre mice. BMDMs and AMs from LysM-cre 
× Stk11fl/fl mice expressed very low LKB1 protein levels com-
pared with cells from control mice, and BMDM LKB1 levels 
were not influenced by LPS stimulation (Supplementary Figure 
1A,B). LysM-cre × Stk11fl/fl and control mice were infected with 
K. pneumoniae via the airways, and bacterial loads were deter-
mined 6, 12, and 40 hours after inoculation. LysM-cre × Stk11fl/

fl mice had increased bacterial loads in the lung 6 hours after in-
oculation as compared with littermate controls, which was sus-
tained at later time points (Figure 1A). Bacterial loads in blood 
and distant organs were sporadically detectable 12 hours after 
infection and did not differ between LysM-cre × Stk11fl/fl and 
control mice (data not shown). 
At 40 hours after infection, all mice showed dissemination to 
distant organs, and bacterial loads did not differ between groups 
(Figure 1B). At 6 hours after infection, cytokine and chemokine 
levels in the lungs were low and not significantly different be-
tween LysM-cre × Stk11fl/fl and control mice (Figure  1C). Of 
note, however, at this early time point LysM-cre × Stk11fl/fl mice 
tended to have lower lung TNF and CXCL1 concentrations in 
spite of higher bacterial loads. At later time points, especially at 
40 hours, LysM-cre × Stk11fl/fl mice had higher lung TNF, IL-1β, 
CXCL1, IL-10, and IL-6 levels as compared with control mice, 
likely reflecting the higher bacterial burdens. The extent of 
lung disease was not different between groups (Supplementary 
Figure 2). Because the LysM promoter drives Cre expression in 
all myeloid cells, including neutrophils [22, 24], we determined 

a possible role for LKB1 in neutrophils in defense against 
K. pneumoniae. To that end, we generated neutrophil-specific 
LKB1-deficient mice by crossing Mrp8-cre with Stk11fl/fl mice 
[22]. These mice did not show differences in bacterial loads in 
lungs or distant organs (Figure 2). Altogether, these results sug-
gest that LKB1 in macrophages, but not neutrophils, is impor-
tant for host defense against K. pneumoniae in the lung.

Reduced Cytokine Release in the Airways upon LPS Challenge in Mice 

With Macrophage LKB1 Deficiency

The model of Klebsiella-induced pneumonia used is associ-
ated with a gradually growing bacterial load accompanied by 
steadily increasing proinflammatory cytokine levels (Figure 1) 
[16–18]; this model is therefore less suitable for studying the 
impact of host factors on cytokine release, with potential defi-
ciencies being concealed by differences in bacterial numbers. 
Therefore, we investigated the role of macrophage LKB1 in the 
induction of cytokines and chemokines in an acute lung inflam-
mation model elicited by local administration of LPS—that is, a 
more robust and stabile challenge with relevance for gram-neg-
ative infection. LysM-cre × Stk11fl/fl mice had significantly 
lower levels of TNF, IL-1β, CXCL1, and IL-10 in BALF than lit-
termate controls 6 hours after LPS inoculation; IL-6 levels were 
similar in both mouse strains (Figure 3A). The cell number and 
proportions of AMs and neutrophils in BALF did not diff be-
tween the groups (Figure 3B). BALF levels of myeloperoxidase 
were also similar between LysM-cre × Stk11fl/fl and control mice 
(Figure 3C). These data suggest that macrophage LKB1 contrib-
utes to cytokine release in the airways during LPS-induced lung 
inflammation.

Impact of LKB1 Deficiency on AM Phenotype, Metabolism, and Function

To obtain insight into the impact of LKB1 deficiency on the 
phenotype of AMs, we performed flow cytometric analysis on 
macrophages harvested through BAL of uninfected LysM-cre 
× Stk11fl/fl and control mice. The number of AMs in BALF was 
equal between groups (Figure 4A). Further analysis showed the 
(expected) presence of “classic” CD11cposSiglecFhighCD11bneg 
AMs (cAMs) in BALF of Stk11fl/fl control mice (Figure  4C). 
Remarkably, LysM-cre × Stk11fl/fl mice had a relatively high 
proportion of “nonclassic” CD11cposSiglecFlowCD11bpos AMs 
(ncAMs), which comprised approximately a fourth of the total 
AM population in these animals (Figure 4B and 4C).

We next determined the effect of LKB1 deficiency on glucose 
metabolism and mitochondrial mass and membrane potential 
of AMs. To this end, we analyzed the uptake of 2NBDG, a fluo-
rescent analogue of glucose, by flow cytometry as a measure 
of glucose uptake. We found no difference in glucose uptake 
between LKB1-deficient cAMs and control cAMs or between 
LKB1-deficient cAMs and LKB1-deficient ncAMs (Figure 5A). 
Lactate production did not differ between in vitro stimu-
lated LKB1-deficient or wild-type AMs, nor was it induced by 
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Figure 1. Macrophage liver kinase B1 (LKB1) is important for host defense against Klebsiella pneumoniae in the lung. A, B, Bacterial loads (colony-forming units [CFUs] per 
milliliter) in the lungs of LysM-cre × Stk11fl/fl mice and littermate controls 6, 12 and 40 hours after intranasal inoculation with approximately 104 CFUs of K. pneumoniae (A) or 
in distant organs 40 hours after inoculation (B). C, Cytokine levels (tumor necrosis factor [TNF], IL-1β, CXCL1, and interleukin 1β, 10, and 6 [IL-1β, IL-10, and IL-6]) in the lung 
at 6, 12, and 40 hours after infection. Data are shown as box-and-whisker diagrams representing 7–8 mice per group at each time point. Bacterial loads and cytokine levels 
of the LysM-cre × Stk11fl/fl mice were compared with those in littermate control (Stk11fl/fl) mice using the Mann-Whitney test. *P < .05; †P < .01; §P < .1.
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stimulation with LPS or K. pneumoniae (Figure 5B). Together, 
these findings suggest that—unlike BMDMs [6, 12, 25]—AMs 
do not up-regulate glycolysis on stimulation and that this is not 
altered by LKB1 deficiency. To verify that the mitochondria in 
AMs are not affected by LKB1 deficiency, we measured mito-
chondrial mass and mitochondrial membrane potential using 

flow cytometry. No differences were found between LysM-cre 
× Stk11fl/fl and control AMs (Figure 5C and 5D).

Finally, we assessed the effect of LKB1 deficiency of the func-
tionality of AMs by measuring the capacity to produce TNF 
and ROS, and to phagocytose. We determined the capacity 
to produce TNF as the of percentage of TNF-positive cells in 

Figure 2. Neutrophil liver kinase B1 (LKB1) is not important for host defense against Klebsiella pneumoniae. Bacterial loads (colony-forming units [CFUs] per milliliter) in 
the lungs of Mrp8-cre × Stk11fl/fl mice 12 and 40 hours after intranasal inoculation with approximately 104 CFUs K. pneumoniae or in distant organs 40 hours after inoculation. 
Data are shown as box-and-whisker diagrams representing 7–8 mice per group at each time point. Bacterial loads of the Mrp8-cre × Stk11fl/fl mice were compared with those 
in littermate control (Stk11fl/fl) mice, using the Mann-Whitney test. 

Figure 3. Macrophage liver kinase B1 (LKB1)–deficient mice show reduced cytokine release into the airways on lipopolysaccharide (LPS) challenge. Cytokine concentra-
tions (tumor necrosis factor [TNF], CXCL1, and interleukin 1β, 10, and 6 [IL-1β, IL-10, and IL-6]) (A); numbers of total cells, alveolar macrophages (AMs) and neutrophils (B); 
and myeloperoxidase (MPO) concentration (C) measured in bronchoalveolar lavage fluid (BALF) 6 hours after intranasal inoculation with 1 µg LPS. Data are shown as box-and-
whisker diagrams representing 8 mice per group. Cytokine and MPO levels of the LysM-cre × Stk11fl/fl mice were compared with those in littermate control (Stk11fl/fl) mice 
using the Mann-Whitney test. Cell counts were compared using the Student t test with Holm-Sidak correction for multiple testing. *P < .05; †P < .01. 
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the individual AM populations by staining intracellular TNF 
and analyzing with flow cytometry. We detected no difference 
between the percentages of TNF-positive cAMs in LysM-cre 
× Stk11fl/fl and control mice, or between the percentages of 
TNF-positive cAMs and positive ncAMs (Figure  6A). In ad-
dition, AMs obtained via BAL from LysM-cre × Stk11fl/fl mice 
and littermate controls produced similar amounts of TNF in 
vitro when stimulated with LPS or heat-killed K. pneumoniae 
(Figure 6B). 

Stimulation with heat-killed K.  pneumoniae induced more 
ROS production relative to medium control; AMs from LysM-cre 
× Stk11fl/fl mice produced more ROS than AMs of control mice 
in both stimulated and unstimulated conditions (Figure  6C). 
The phagocytic capacity of LKB1-deficient and control AMs did 
not differ (Figure 6D). Together, these data shows that the lungs 
of LysM-cre × Stk11fl/fl mice contain a significant proportion of 

SiglecFlow and CD11bpos ncAMs. However, LKB1 deficiency does 
not affect glucose metabolism or mitochondrial parameters of 
AMs or negatively affect immune functions.

LKB1 Deficiency Leading to Reduced Lung AMs 

To explain the discrepant results regarding LPS-induced 
TNF production in the respiratory tract in vivo (reduced in 
LysM-cre × Stk11fl/fl mice; Figure  3A) and by AMs in vitro 
(not affected; Figure  6A and 6B), we analyzed immune cell 
populations in whole lungs by means of flow cytometry, al-
lowing analysis of other immune cells, that is, interstitial 
macrophages (IMs) and dendritic cells (DCs). First, we deter-
mined the number of AMs and IMs in the lungs of LysM-cre 
× Stk11fl/fl mice and littermate controls. Surprisingly, the total 
number of macrophages was reduced in the lungs of LysM-
cre × Stk11fl/fl mice compared with control mice (Figure 7A), 

Figure 4. Macrophage liver kinase B1 (LKB1) deficiency is associated with the presence of “nonclassic” alveolar macrophages (ncAMs). A, Number of all alveolar macro-
phages (AMs) (CD45+, CD11c+, Ly6G−) in bronchoalveolar lavage fluid (BALF) from naive LysM-cre × Stk11fl/fl mice and littermate controls (Stk11fl/fl). B, CD11c, CD11b, and 
SiglecF expression of AMs. C, Fractional contribution of “classic” AMs (cAMs) (SiglecFhighCD11bneg) and ncAMs (SiglecFlowCD11bpos) in BALF. Data are shown as box-and-
whisker diagrams or as bar graphs showing mean percentage with standard error of the mean for 7–9 mice per group. Cell surface markers and cell numbers of the LysM-cre 
× Stk11fl/fl mice were compared with those of littermate control (Stk11fl/fl) mice, using the Student t test. ‡P < .001. 
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which was caused by a >50% reduction in the number of 
cAMs (Figure 7B). The number of ncAMs was higher in the 
lungs of LysM-cre × Stk11fl/fl mice, while IM numbers were 
similar. The strong reduction in cAMs is surprising, because 
the numbers of AMs obtained with BAL were similar in LysM-
cre × Stk11fl/fl and control mice. 

Quantification of the number of cAMs and ncAMs in whole 
lungs compared with lungs after BAL showed that almost all 
AMs of LysM-cre × Stk11fl/fl mice were removed after BAL, 
whereas the lungs of control mice still contained a substantial 
amount of cAMs after BAL (Supplementary Figure 3A). The 
number of cAMs removed from the lungs, calculated as the 

Figure 5. Liver kinase B1 (LKB1) deficiency does not affect alveolar macrophage (AM) glucose metabolism nor mitochondrial parameters. A, Glucose uptake after 3 hours 
of lipopolysaccharide (LPS) stimulation or medium control, as measured by the median fluorescence intensity (MFI) of 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-
deoxyglucose (2NBDG), of LysM-cre × Stk11fl/fl “classic” AMs (cAMs) and control cAMs and of “nonclassic” AMs (ncAMs) compared with cAMs of LysM-cre × Stk11fl/fl mice. 
B, Lactate production of AMs stimulated in vitro with LPS or heat-killed (HK) Klebsiella pneumoniae or left untreated for 24 hours. C, Mitchondrial mass as measured by the 
MFI of Mitotracker Green probe of LysM-cre × Stk11fl/fl cAMs (knockout [KO]) and control cAMs (wild type [WT]) after 3 hours of incubation in medium. D, Mitochondrial mem-
brane potential as measured by the MFI of Mitotracker Red CMX Ros probe of LysM-cre × Stk11fl/fl AMs (KO) and control AMs (WT) after 3 hours of incubation in medium. 
Data are shown as bar graphs representing mean with standard error of the mean for 7–9 mice per group. Groups were compared using Student t tests. A, C, and D, The left 
graph is a representative flowjo picture of the right graph. The Y-axis is a modal scale. The x-axis is the fluorescent intensity.

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa416#supplementary-data
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difference in number of cAMs with or without BAL, was sim-
ilar between LysM-cre × Stk11fl/fl mice and littermate controls 
(Supplementary Figure 3B). The reduced number of cAMs in 
the lungs of LysM-cre × Stk11fl/fl mice was not associated with 
an increased proportion of dead cells; likewise, the proportions 
of dead ncAMs and IMs were similar in lungs of LysM-cre × 
Stk11fl/fl and control mice (Figure 7C). 

The percentages of proliferating cAMs and ncAMs as meas-
ured by Ki-67 positivity were higher in the lungs of LysM-cre 
× Stk11fl/fl mice compared with control mice; the proportion of 
Ki-67–positive IMs was low and did not differ between groups 
(Figure  7D). The high CD11b expression of the ncAMs sug-
gests a hematopoietic origin [26], possibly monocyte derived. 
We therefore analyzed the number of monocytes in the lung 

Figure 6. Liver kinase B1 (LKB1) deficiency does not affect tumor necrosis factor (TNF) production and phagocytosis but enhances reactive oxygen species (ROS) production 
by alveolar macrophages (AMs). A, Percentage of TNF-positive (TNF+) “classic” AMs (cAMs) from LysM-cre × Stk11fl/fl and control mice and of TNF+ cAMs and “nonclassic” 
AMs (ncAMs) from LysM-cre × Stk11fl/fl mice after stimulation of lung suspensions for 3 hours with lipopolysaccharide (LPS) or medium control. B, TNF production of AMs 
stimulated in vitro with LPS or heat-killed (HK) Klebsiella pneumoniae or left untreated for 24 hours. C, ROS production by AMs from LysM-cre × Stk11fl/fl and control mice 
after stimulation of lung suspensions for 3 hours with HK K. pneumoniae or medium control. D, Percentage of AMs positive for pHrodo Red Escherichia coli particles after 
a 3-hour incubation. Data are shown as bar graphs representing mean with standard error of the mean for 5–8 mice per group. Median fluorescence intensities (MFIs) and 
percentage positive cells were compared using Student t tests or 2-way analysis of variance with Sidak multiple comparisons test. A, C, and D, The left graph is a represen-
tative flowjo picture of the right graph. The Y-axis is a modal scale. The x-axis is the fluorescent intensity. †P < .01; ‡P < .001. Abbreviation: FMO, fluorescence minus one.

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa416#supplementary-data
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and found that the numbers of monocytes, both Ly6C+ and 
Ly6C−, were indeed higher in the lungs of LysM-cre × Stk11fl/

fl mice (Supplementary Figure 3C). Finally, the number of DCs 
in the lung, both CD11b+ and CD103+ DCs, was not affected 
by LKB1 deficiency (Supplementary Figure 3D). Together these 
data show that the number of cAMs was strongly reduced in the 
lungs of LysM-cre × Stk11fl/fl mice, which is not explained by an 

increase in cell death (similar to control values) or a decrease in 
proliferation (higher than control values).

DISCUSSION

Earlier studies on the role of LKB1 in immune cell func-
tion established important contributions of LKB1 to normal 

Figure 7. Liver kinase B1 (LKB1) deficiency leads to a reduced number of alveolar macrophages (AMs) in the lung. A, Macrophage (CD45+, MerTK+, and CD64+) populations 
in lung suspensions of LysM-cre × Stk11fl/fl and littermate control (Stk11fl/fl) mice: “classic” AMs (cAMs) (SiglecFhigh and CD11bneg), “nonclassic” AMs (ncAMs) (SiglecFlow and 
CD11bpos), and interstitial macrophages (IMs) (SiglecFneg and CD11bhigh). B–D, Numbers of cAMs, ncAMs, and IMs (B), percentage of dead cells (C), and percentage Ki-67–pos-
itive cells (D) in lung suspensions of LysM-cre × Stk11fl/fl mice and littermate controls (Stk11fl/fl). Data are shown as bar graphs representing mean with standard error of the 
mean for 5 mice per group. LysM-cre × Stk11fl/fl mice were compared with littermate control (Stk11fl/fl) mice using Student t tests. *P < .05; †P < .01; ‡P < .001. 

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa416#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa416#supplementary-data
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hematopoietic stem cell [19, 27] and T-lymphocyte functions 
[28]. To the best of our knowledge, the potential role of LKB1 
in the host response to infection has not been studied thus 
far. We here used a murine model of gram-negative bacte-
rial pneumonia to show that myeloid-specific deficiency of 
LKB1 results in enhanced growth of the common human 
pathogen K.  pneumoniae in the lungs. The impaired host 
defense in mice with myeloid LKB1 deficiency was accom-
panied by a reduced cytokine response in the airways to lo-
cally administered LPS and a diminished number of cAMs 
in the lungs. AM immune functions, like TNF production 
and phagocytosis, were not negatively affected by LKB1 defi-
ciency, suggesting that the impaired host defense was mainly 
attributable to the reduced number of AMs. We also showed 
that neutrophil LKB1 is not important for the host defense 
against K. pneumoniae.

The impaired host defense against K. pneumoniae in LysM-
cre × Stk11fl/fl mice could be a direct result of the reduced 
AM numbers in these mice. Previous research documented 
that depleting AMs [29] or reducing the fitness and number 
of AMs [30] in mice results in increased bacterial outgrowth 
and reduced survival after infection with K.  pneumoniae. 
In addition—and these possibilities are not mutually ex-
clusive—decreased TNF production associated with re-
duced AM numbers could also impair host defense against 
K.  pneumoniae [31, 32]. An earlier investigation reported 
that LKB1-deficient BMDMs produced more TNF and IL-6 
on stimulation with LPS when compared with control cells 
[2]. However, we found no differences in the AM TNF pro-
duction capacity between LysM-cre × Stk11fl/fl and control 
mice, suggesting that the role of LKB1 in TNF production 
might be macrophage type specific. We consider it likely 
that the lower TNF, IL-1β, CXCL1, and IL-10 levels in BALF 
obtained from LysM-cre × Stk11fl/fl mice 6 hours after LPS 
challenge are related to lower numbers of AMs (the main 
source of these mediators). BALF IL-6 levels were similar 
in both mouse strains, possibly because of distinct cellular 
sources of this cytokine [33, 34].

Although the number of AMs obtained via BAL was equal 
in naive and LPS-challenged LysM-cre × Stk11fl/fl and control 
mice, whole lungs of LysM-cre × Stk11fl/fl mice contained much 
lower numbers of cAMs than lungs of control mice. This dis-
crepancy suggests that LysM-cre × Stk11fl/fl AMs are more easily 
retrieved by BAL than control AMs, which is supported by the 
finding that the lungs of control mice still contained a substan-
tial amount of AMs after BAL. Westphalen et al [35] described a 
subtype of AMs, sessile AMs, which are attached to alveolar ep-
ithelial cells via connexin 43 containing gap junction channels. 
They showed that sessile AMs remain attached to the alveoli, 
where they perform an immunomodulatory role to reduce LPS-
induced lung inflammation. It has become evident that LKB1 
plays an important role in cell polarity and junction formation 

in other tissues [36, 37], possibly via regulation of connexins 40 
and 43 [37]. This supports the possibility that LKB1 may con-
tribute to the formation of gap junctions between sessile AMs 
and the alveolar epithelium and that LKB1 deficiency could re-
sult in easily retrievable “loose” AMs.

The influx of ncAMs likely presents a compensatory mech-
anism for the reduced number of cAMs in LysM-cre × Stk11fl/fl  
lungs. The high CD11b expression by ncAMs suggests that 
these cells have migrated to the alveolar space and have a hema-
topoietic stem cell origin [26], unlike cAMs, which have a pre-
natal origin [38]. This suggests that ncAMs could be monocyte 
derived. Indeed, the number of monocytes was higher in the 
lungs of LysM-cre × Stk11fl/fl mice than in littermate controls.

Although LKB1 deficiency neither affected the viability of 
macrophages nor hampered their proliferation, the mech-
anism by which LKB1 deficiency resulted in reduced cAMs 
still needs to be elucidated. Similar to AMs, regulatory T-cell 
(Treg)–specific deletion of LKB1 in mice causes loss of Treg 
numbers and function, leading to a fatal, early-onset autoim-
mune disorder [39]. This loss of Tregs is largely independent 
of the AMPK-driven metabolic changes. Furthermore, 
DC-specific LKB1 depletion has been shown to impair 
the ability of DCs to induce antigen-specific T cell immu-
nity [40, 41] through a mechanism independent of AMPK-
induced metabolic adaptations [41], confirming a role for 
LKB1 beyond metabolism. Taken together, these data sug-
gest a role for LKB1 in the context of cell development and/
or differentiation.

Proinflammatory responses are typically associated with en-
hanced cellular glycolysis, providing a rapid source of energy. 
A rise in glycolysis on stimulation with LPS has been reported 
in different macrophage subtypes, including BMDMs and peri-
toneal macrophages [25]. In the current study, we demonstrated 
that AMs do not up-regulate glycolysis on exposure to LPS. This 
finding is in agreement with those of a study showing that mu-
rine AMs do not enhance glycolysis in response to LPS and that 
inhibition of glycolysis does not modify LPS-induced cytokine 
production in these cells [42]. These data exemplify the notion 
that the tissue environment of immune cells may influence the 
particularities of the metabolic changes within the cell driving 
inflammatory responses [43, 44].

Our study has limitations. Owing to regulatory restrictions, 
we could not determine the impact of myeloid LKB1 deficiency 
on survival during Klebsiella pneumonia; previous studies 
from our group suggest that the elevated bacterial loads de-
tected in LysM-cre × Stk11fl/fl mice may result in accelerated 
death [45, 46]. We performed experiments with a single dose 
of K. pneumoniae, and it thus remains to be established whether 
the observed phenotype of LysM-cre × Stk11fl/fl mice is also 
present during pneumonia caused by other infectious doses.

In conclusion, we here report that loss of LKB1 function 
in macrophages is associated with a reduced number of AMs 
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in the lungs, diminished cytokine release in the airways on 
local LPS instillation, and an impaired ability to restrict the 
local growth of K. pneumoniae during pneumonia. While the 
current investigation is the first to indicate that macrophage 
LKB1 contributes to antibacterial defense in the lungs, fur-
ther studies are warranted to assess the role of LKB1 in AM 
development.

Supplementary Data
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Diseases online. Consisting of data provided by the authors to 
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